ABSTRACT Viral glycoproteins, such as influenza hemagglutinin (HA) and human immunodeficiency virus gp41, are anchored by a single helical segment transmembrane domain (TMD) on the viral envelope membrane. The fusion peptides (FP) of the glycoproteins insert into the host membrane and initiate membrane fusion. Our previous study showed that the FP or TMD alone perturbs membrane structure. Interaction between the influenza HA FP and TMD has previously been shown, but its role is unclear. We used PC spin labels dipalmitoylphospatidyl-tempo-choline (on the headgroup), 5PC and 14PC (5-C and 14-C positions on the acyl chain) to detect the combined effect of FP-TMD interaction by titrating HA FP to TMD-reconstituted 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)/cholesterol lipid bilayers using electron spin resonance. We found that the FP-TMD increases the lipid order at all positions, which has a greater lipid ordering effect than the sum of the FP or TMD alone, and this effect reaches deeper into the membranes. Although HA-mediated membrane fusion is pH dependent, this combined effect is observed at both pH 5 and pH 7. In addition to increasing lipid order, multiple components are found for 5PC at increased concentration of FP-TMD, indicating that distinct domains are induced. However, the mutation of Gly1 in the FP and L187 in the TMD eliminates the perturbations, consistent with their fusogenic phenotypes. Electron spin resonance on spin-labeled peptides confirms these observations. We suggest that this interaction may provide a driving force in different stages of membrane fusion: initialization, transition from hemifusion stalk to transmembrane contact, and fusion pore formation.
INTRODUCTION
Influenza hemagglutinin (HA)-mediated membrane fusion is the most extensively studied viral membrane fusion. HA consists of two subunits HA1 and HA2. HA1 binds to target cell receptors, and HA2 catalyses membrane fusion. At low pH, HA trimers expose their fusion peptide, which inserts into the target membrane, whereas their transmembrane domain is anchored in the viral membrane. Further conformational changes in the HA trimer result in the formation of a HA-trimer-hairpin that brings the cellular and viral membranes into close proximity, allowing them to fuse. Currently, the most popular model for membrane fusion is the stalk model, or hemifusion hypothesis. It was proposed that membrane fusion starts with formation of an intermediate membrane structure called stalk, in which the outer leaflets of the two interacting membranes are fused, forming a stalk; whereas the inner leaflets are intimately apposed, forming a diaphragm. A lateral expansion of the stalk opens a fusion pore in the diaphragm. Enlargement of the fusion pore will lead to complete membrane fusion. The hemifusion diaphragm was visualized in a model membrane fusion system recently (1) , suggesting the correctness of the stalk model. However, the details of the stalk model, especially the mechanism of pore opening is still unclear.
The glycoproteins on a viral membrane, such as influenza HA2 and human immunodeficiency virus (HIV) gp41, are anchored by a single-helical-segment transmembrane domain (TMD) on the viral membranes. The TMDs share a highly conserved sequence with various envelope viruses (2) . The function of the TMDs is still unclear, but it is speculated to be related to the finalization of membrane fusion, which is much less understood than the initialization of membrane fusion (2) . The wild-type (WT) influenza TMD increases lipid order (3) and it associates with membrane rafts (4) . However, lack of the TMDs does not have any effect on lipid mixing (i.e., the fusion between the outer layers of the opposing membranes) (5) . Instead, a minimum length of TMD is required for full fusion; otherwise, the membrane fusion stops at the hemifusion stage (6) . A point mutation in the TMD (G520L) induces the hemifusion phenotype (7) . These results strongly suggest that the TMD is related to membrane fusion in its final steps. The interaction between influenza HA fusion peptide (FP) and TMD (8) and between HIV gp41 FP and TMD (9) has previously been shown experimentally, and for parainfluenza virus FP and TMD (10) it has been suggested theoretically. Thus, we hypothesize that the interaction between the FP and TMD is a driving force for pore opening in the final steps in membrane fusion.
Previously, we studied the effect of influenza FP (11) and TMD (3) and HIV FP (12) alone on the membranes using the electron spin resonance (ESR) method. We found that both peptides induce an ordering effect in lipid bilayers, and this effect is correlated to the fusion activity of the peptides. The effect is attributed to a result of dehydration. Therefore, we hypothesize that the interaction between FP and TMD changes the membrane structure to a greater extent than the FP or TMD does alone. The stronger perturbation is required to disrupt the relatively stable hemifusion stage as suggested in the stalk model. The formation of the extension of the transmonolayer contact (TMC) or hemifusion diaphragms (HD) requires a transition from negative curvature to zero curvature. We expect the interaction between FP and TMD will induce a perturbation to the lipid structure to facilitate this transition.
MATERIALS AND METHODS

Materials
The lipids 1-palmitoyl-2-oleoyl-sn-gycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-gycero-3-phosphoglycerol (POPG), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol) (DMPG), and the chain spin labels 5PC-and 14PC-and a headgroup spin label dipalmitoylphospatidyl-tempo-choline (DPPTC) were purchased from Avanti (Alabaster, AL). Cholesterol was purchased from Sigma (St. Louis, MO). The peptide that corresponds to the first 20 and 23 residues of the N-terminal sequence of X-31 strain influenza hemagglutinin HA2 and its mutants, and the TMD corresponding to the 188-213 residues of HA2 were synthesized by SynBioSci Co. (Livermore, CA). The structure of the spin-labeled lipids and the sequences of the peptides are shown in Fig. 1 .
Vesicle preparation
The desired amount of DMPC, DMPG, cholesterol, and 0.5% (mol:mol) spin-labeled lipids in chloroform were mixed well and dried by N 2 flow. The mixture was evacuated in a vacuum drier overnight to remove any trace of chloroform. For the TMD reconstituted membrane, the TMD dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma) were well mixed with the lipid mixture and dried and evacuated together. To prepare multilamellar vesicles (MLVs), the lipids were resuspended and fully hydrated using 1 ml of pH 7 or pH 5 buffer (50 mM Tris, 150 mM NaCl and 0.1 mM EDTA, pH 7, or pH 5) at room temperature (RT) for 2 h. To prepare small unilamellar vesicles (SUVs), the lipids were resuspended in pH 7 buffer and sonicated in ice bath for 20 min. To prepare large unilamellar vesicles (LUVs), the lipids were frozen and thawed five times before they were extruded in an Avanti extruder through a membrane with 100 nm pore size.
Isothermal titration calorimetry (ITC)
ITC experiments were performed in an N-ITC III calorimeter (TA Instrument, New Castle, DE). FP at 20 mM was titrated into 1 ml 5 mM SUVs at 37
C. Each addition was 10 ml and the injection time was 15 s for each injection and the interval time was 5 min. Each experiment comprised 25 to 30 injections. The data were analyzed with Origin (OriginLab, Northampton, MA).
ESR spectroscopy and nonlinear least squares fit of ESR spectra
To prepare the samples for lipid ESR study, the desired amounts of stock solution of the FP (1 mg/ml) was added into the lipid MLV dispersion. After 20 min of incubation, the dispersion was spun at 13,000 rpm for 10 min. The pellet was transferred to a quartz capillary tube for ESR measurement. ESR spectra were collected on an ELEXSYS ESR spectrometer (Bruker Instruments, Billerica, MA) at X-band (9.5 GHz) at 37 C using a N2 Temperature Controller (Bruker Instruments).
The ESR spectra from the labeled lipids were analyzed using the nonlinear least squares (NLLS) fitting program based on the stochastic Liouville equation (17, 18) using the microscopic order macroscopic disorder model as in previous studies (3, 11, (19) (20) (21) . The fitting strategy is described below. We employed the Budil et al. NLLS fitting program (17) to obtain convergence to optimum parameters. We required a good fit with a small value of c 2 and in addition good agreement between the details of the final simulation and the experimental spectrum. All our fits in this work and our previous work meet these criteria. Because there could be more than one local minimum to which the least squares minimization converges, the process was repeated several times with different starting or seed values for the parameters. Most of the time, they converged to a common set of final parameters, but there were occasional outliers (typically unphysical), which were discarded. In addition, each experiment (and subsequent fit) was repeated two or three times to check reproducibility and estimate experimental uncertainty. Specifically, we initially varied N, R bar , C 20 , C 22 , gib0, and gib2 in the fitting, as has been our common procedure in works (3, 11, 12, 19) . We find quite generally that N, gib0, and gib2 hardly changed across a set of spectral fittings for a given spin label in a set of related experiments (e.g., the same membrane with typically six different amounts of FP), so we would then fix these parameters at the average over all six values. The NLLS fitting program was then rerun for the parameters R bar , C 20 , and C 22 . This procedure reduced the uncertainty in these fitting parameters. Also, the very small variations in N, gib0, and gib2 across a set of related experiments hardly affected the fits. The additional features for fitting the two component spectra are discussed in the Supporting Materials and Methods.
Two sets of parameters that characterize the rotational diffusion of the nitroxide radical moiety in spin labels are generated. The first set is the rotational diffusion constants. As in the previous work (3, 11, 12) we report on the R t and R jj , which are derived from R bar and N. R t and R jj are respectively the rates of rotation of the nitroxide moiety around a molecular axis perpendicular and parallel to the preferential orienting axis of the acyl chain. The second set consists of the ordering tensor parameters, S 0 and S 2 , which are defined as follows: S 0 ¼ hD 2,00 i ¼ h1/2(3cos 2 q-1)i, and S 2 ¼ hD 2,02 þ D 2,0-2 i ¼ hO(3/2)sin 2 qcos24i, where D 2,00 , D 2,02 , and D 2,0-2 are the Wigner rotation matrix elements and q and 4 are the polar and azimuthal angles for the orientation of the rotating axes of the nitroxide bonded to the lipid relative to the director of the bilayer, i.e., the preferential orientation of lipid molecules (11, 18) , and the angular brackets imply ensemble averaging. S 0 and its uncertainty were then calculated in well-known fashion (19) from its definition and the dimensionless ordering potentials C 20 and C 22 and their uncertainties found in the fitting. The typical uncertainties we find for S 0 range from 1-5 Â 10
À3
, whereas the uncertainties from repeated experiments are 4-8 Â 10 À3 or <50.01 (cf. Tables S1-S12). S 0 indicates how strongly the chain segment to which the nitroxide is attached is aligned along the normal to the lipid bilayer, which is strongly correlated with hydration/dehydration of the lipid bilayers (19) . As previously described, S 0 is the more important parameter for this study (3, 11, 12) .
Spin labeling and ESR on peptides
The desired amounts of WT, G1S, G1V, and W14A FPs with a F3C or I18C mutation and a ÀGGGKKKK sequence in their C-termini were dissolved in 50:50 acetonitrile/buffer and mixed with 10-fold excess (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) dissolved in the same solution for overnight in dark at RT as described previously (22, 23) . The free spins were removed by dialysis against pH 7 buffer in a membrane with 2 kD cut-off size. The spin-labeled peptides were confirmed by ESR and mass spectrometry. The spin-labeled peptides were lyophilized and kept at À80 C before the experiments. The HA2 FPs were incubated with the SUVs with or without 1:200 TMD reconstituted in an 1:400 peptide/lipid ratio for 20 min before the samples were measured in the ELEXSYS ESR spectrometer at X-band (9.5 GHz) at RT. Power saturation experiments were performed on RT samples in 1) O 2 , 2) deoxygenated and then argon filled, and 3) deoxygenated and argon filled containing 20 mM Ni(II)EDDA as previously described (24) . The insertion depth parameter F, based upon the saturation behavior of the samples containing oxygen and Ni(II)EDDA, was calculated as previously described (13, 24, 25) . For low-temperature ESR, each sample (~1 mg lipids with 0.5% spin-labeled FP) was rapidly frozen in thin capillaries by quickly submerging in liquid nitrogen before measurement.
RESULTS
The binding of FP increases the ordering of membranes
We have previously shown that the binding of FP alone increases the ordering of membranes composed of POPC or DMPC in a pH-dependent fashion. We have also shown that the TMD alone increases the ordering of membranes composed of DMPC/DMPG/Chol ¼ 40:30:30 (3). We used this lipid composition in the current study on the effects of FP-TMD on a membrane to compare it with our previous study (3) . To investigate the synergistic effect of both FP and TMD, we prepared the DMPC/DMPG/Chol MLVs with different spin-labeled lipids and with or without TMD reconstitution, and determined the S 0 from the ESR spectra both before and after the binding of FP. Three spin labels were used: DPPTC has a tempo-choline headgroup and the spin is sensitive to changes of environment at the headgroup region; 5PC and 14PC have a doxyl group in the C5 or C14 position of the acyl chain, respectively (cf. Fig. 1 B) , and they are sensitive to the changes of environment in the hydrophobic acyl chain region at different depths. These three spin-labeled lipids have been used in previous studies and their usage in detecting the change in membrane structure has been validated (3, 11, 12) .
As shown in Fig. 2 , A-C, and Tables S1-S12, in the pure lipid vesicles, when the peptide/lipid ratio (P/L ratio) increases from 0% to 0.25%, the S 0 of DPPTC and 5PC spin labels increases significantly at both pH 5 and pH 7 conditions. But at the pH 5 condition, the increase of S 0 is more significant: for DPPTC, the DS 0,0.25% (defined as S 0 with 0.25% FP binding minus S 0 without FP binding) are 0.038 at pH 5 and 0.026 at pH 7; for 5PC, the DS 0,0.5% is 0.034 and 0.021 at pH 5 and pH 7 conditions, respectively. The binding of FP has no effect on the S 0 of 14PC. The results are consistent with our previous work on POPC and DMPC membranes, which confirms that the ordering effect of FP is applicable to membranes with different compositions.
The binding of FP further increases the ordering of TMD reconstituted membranes
It has been shown that the FP interacts with the TMD by fluorescence (8) . We then tested the effect of FP binding onto the TMD reconstituted membranes. As also shown in Fig. 2 , A-C, and Tables S1-S12, the binding of FP increases the ordering of DPPTC, 5PC, and 14PC at both pH 5 and pH 7 conditions. The S 0 (in 0% FP binding) is different in the presence and the absence of TMD, showing that the TMD itself increases the membrane ordering. We define DS 0 ¼ S 0 with FP binding minus S 0 without FP binding, and DDS 0 as the DS 0 (TMD) minus DS 0 (pure lipid) at the corresponding FP concentrations. Fig. S4 shows the differences in the ESR spectra that we have observed, which we associate with an increase in S 0 (i.e., DS 0 ) only seen when WT FP is used and DDS 0 when both FP and TMD are used. We compare in (A), (B), and (C) the spectra of DPPTC, 5PC, and 14PC for 0.5% versus 0.125% WT FP in the 0.5% TMD reconstituted MLVs at pH 5. In Fig. S4 , D-F, we show the equivalent spectra of DPPTC, 5PC, and 14PC where the WT FP has been replaced by the nonfusogenic G1V FP, for which no discernible differences were observed. In Fig. S4 , G-I, we show the spectra of DPPTC, 5PC, and 14PC, for 0.5% WT FP in MLVs with 0.5% TMD versus without (both at pH 5), where key differences were observed. As shown in Fig. 2 D, the binding of FP increases DDS 0 of DPPTC when the FP concentration increases. This effect is saturated when the FP/TMD ratio equals to two. The effect on DDS 0 of 5PC has the same pattern. To our surprise, the DDS 0 of 14PC is also affected by the binding of FP. Because FP alone has no effect on the ordering of 14PC, the ordering of 14PC in the TMD reconstituted membrane must be due solely from the FP-TMD synergy. The c 50 (i.e., the FP/TMD ratio to induce 50% of the DDS 0 ) for DPPTC, 5PC, and 14PC are 0.38, 0.37, and 0.38, respectively. Although the FP/TMD ratio is not supposed to exceed 1:1 in the biological scenario, the ordering effects occur well before the 1:1 ratio.
Although the effect of FP alone is affected by pH, its effect from the FP-TMD interaction is much less pH-dependent. On DPPTC and 14PC, the pH basically has no effect at all; on 5PC, although there are only slight differences between two acidity conditions, the difference is not significant.
It was reported that the 23-mer FP containing WYG in the C-terminal adopts a different structure to the 20-mer WT FP (16) . Our ESR shows that it exhibits a similar membrane ordering effect as the 20-mer (Fig. S5 ).
The binding of FP in high TMD concentration membranes induces distinct microdomains
It was proposed that multiple copies of HA protein aggregate near the site of the fusion pore (26) . Thus, we wanted to see whether the concentration of FP-TMD plays a role in membrane structure. We increased the TMD concentration to 1% mol:mol, and repeated the titration experiments. Previous studies showed that the 1% TMD induces two components (75% of S 0 ¼ 0.53 and 25% of S 0 ¼ 0.59 in the repeated experiments) in the bilayer, which indicates that microdomains have been induced by the TMD (3). We found that FP-TMD also induces microdomains in membranes with >1% TMD. We compare in Fig. 3 , B and C, the single and double component fit of the same spectrum (1% FP þ 1% TMD in MLVs at 37 C, pH 5). The reduced c 2 for the double component fit is smaller than that of the single component fit (2.23 vs. 6.41), and it is similar to the typical c 2 for the single component fit of those spectra that actually contain only one component (see Fig. 3 A) . The differences between the experimental and simulated spectra are magnified in the figure by 2Â in insets, and show clearly that the two-component fit is better.
We repeated the experiments on these two component samples at two temperatures (25 and 30 C) in addition to the original temperature (37 C). As shown in Table S39 , fitting these spectra yields the trend in R bar and S 0 , which we expected based on our previous work (19, 21) and little change in fractions of the components (also expected).
As shown in and Table S38 ) indicate that membrane with 2% TMD alone does not have such a large effect (70% of S 0 ¼ 0.54 and 30% of S 0 ¼ 0.68). Thus, it can be concluded that the FP-TMD complex has greater ability to induce discrete domains than the TMD alone. Titration of the FP into 2% TMD containing membrane (shown in Fig. 3 D and Table S38 ) induces two components with a larger difference of S 0 between the two components. More significantly, the S 0 of the less ordered domain is even lower than that of the membrane without TMD (S 0 ¼ 0.42 for 1% FP in 2% TMD containing membrane).
The more ordered domain may represent lipid associated with the FP-TMD. The spectral distinction of the domains indicates a slow exchange rate between the less ordered (e.g., the bulk lipids) and the more ordered lipids (e.g., the boundary lipids), which suggests that the FP-TMD localizes in patches in membranes with 1% and 2% TMD instead of being evenly distributed as in membrane with 0.5% TMD. The membrane with lower FP-TMD concentration may also consist of two types of lipids. However, they cannot be detected from the ESR simulations, either because of the limits of the spectral resolution, or because of fast exchange between them or both. The localization of HA near the fusion pore is observed during viral entry (27) . The higher proportion of the more ordered component indicates that the area of the localized patches is larger, which may correspond to the expansion of the TMC during the real membrane fusion scenario. In the 1% TMD þ 1% FP situation,~50% of the lipid is in the boundary state, corresponding to each peptide having~25 bound lipids, which is similar to the peptide/lipid ratio of gramicidin (28) . The unbound lipid, constituting less ordered domains, is usually the sparser and is distributed between more ordered domains, resulting in heterogeneity of the membrane and a higher probability of water penetration through the less ordered domains and/or the boundaries between the more ordered and less ordered domains. It may facilitate a pore opening.
G1S and G1V cannot induce an FP-TMD interaction type of membrane ordering
The Gly1 mutations of influenza HA FP G1S and G1V have been studied both functionally and structurally. G1S is a hemifusion phenotype, meaning that it can mediate lipid mixing, i.e., the mixture between the two outer layers of opposite membranes, but not the inner layers. Thus, the fusion may stop at an intermediate structure (29) . G1S FP has a similar structure as WT, adopting a boomerang structure (14) . G1V is a nonfusion phenotype (29) , adopting a linear structure instead (14) .
As shown in Fig. 4, A-D, and Tables S13-S18, G1S alone induces membrane ordering of DPPTC and 5PC as does WT. However, the effect is slightly smaller than that of WT. G1S has no effect on 14PC ordering. The effects on TMD reconstituted membrane are significantly different. Although G1S induces lipid ordering of DPPTC and 5PC in TMD reconstituted membrane, the effect largely results from G1S alone, not from the G1S-TMD interaction. As shown in Fig. 4 D, the DDS 0 for all spin labels are small compared to those of WT. The results suggest that G1S has no effect on a membrane involving FP-TMD interactions. G1V (Fig. 4, E-H , and Tables S19-S24), however, has no effect on the ordering of all three spins in both pure lipid and reconstituted membranes. The results are consistent with the fact that G1S induces lipid mixing at a similar rate as does WT, whereas G1V mediates lipid mixing at a much lower rate.
W14A cannot increase membrane ordering alone but can induce a FP-TMD type of membrane ordering
We next examined the effect of W14A on membrane ordering. W14A is a nonfusion phenotype. It adopts a superficially boomerang structure, but its kink region is highly flexible. Therefore, it cannot position itself in the membrane the same way as WT does. Instead, its N-terminal arm lies in the hydrophobic-hydrophilic interface and its C-terminal arm points outward from the membrane (15) . As shown in Fig. 4 , I-L, and Tables S25-S30, W14A alone cannot increase the ordering of spins at all three positions, which is consistent with its nonfusogenicity. However, it has a significant effect on TMD reconstituted membranes. Although W14A shows no effect on DPPTC, its effect on 5PC is similar to that of WT. Surprisingly, W14A even has ordering effects on 14PC, although it is about half of that of the WT. These results suggest that the effect of W14A is due solely to the FP-TMD interaction.
Mutation at TMD changes the membrane ordering effect
It has been shown that the TMD itself increases the membrane ordering, and two conserved mutations eliminate this effect (3). K183E and L187A are located in the hydrophilic and hydrophobic region, respectively. The insertion depth of L187 is approximately at the depth of 5PC. We studied whether these two mutations have any effect on the FP-TMD interaction-induced membrane ordering. We reconstituted these mutants in the MLV and repeated the ESR experiments using WT FP. The results (see Fig. 2 , E and F, and Tables S31-S36) suggest that the FP induces similar membrane ordering effects in the K183E reconstituted membrane as in the WT TMD reconstituted membrane, but none in the L187A reconstituted membrane, Biophysical Journal 109(12) 2523-2536 
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The N-terminal arm of the FP is the interaction site
To directly investigate the interaction site of FP-TMD, we synthesized mutants with cysteine substitution, F3C and I18C and spin labeled them with MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) (designated as F3R1 and I18R1, respectively). Those mutants were used in determining the insertion depth of the FP, and it was shown that they do not change the structure and membrane insertion of the FP (13, 23) . To compare our results with the previous literature using POPC/POPG LUVs (13,23,30) , we collected the ESR spectra in both POPC/POPG ¼ 4:1 and DMPC/DMPG/Chol LUVs. The spin-labeled FP was bound to the LUVs with or without 0.5% TMD reconstituted, and the spectra were compared. The broadening of the spectra indicates contact between the FP-TMD in the sites that are close to the spin-labeled site. As shown in Fig. 5 , A-D, in which the spectra are scaled to the same peak-to-peak amplitude, when the WT-F3R1 was bound to the TMD reconstituted membrane, there is a broadening in the central peak and a more immobile component to the low field is observed, suggesting a state of the FP that binds to the TMD (Fig. 5 A) , whereas there is no significant change for the WT-I18R1 spectrum (Fig. 5 D) . These results indicate that the interaction is in the N-terminal arm instead of the C-terminal arm. The G1S-F3R1 (Fig. 5 B) and G1V-F3R1 (Fig. 5 C) peptides, however, do not exhibit broadening effects in the TMD reconstituted membranes. The experiments in DMPC/ DMPG/Chol SUVs exhibit similar results (Fig. S3, A-D) .
Thermodynamics of FP-TMD interaction
We determined the thermodynamics of the FP-TMD interaction by the ITC technique. The lipid-peptide interaction is characterized by the thermodynamics of partitioning instead of a classical ligand binding (31) , and the interaction between FP and TMD may involve complex binding thermodynamics. To avoid such complications, we studied the FP-TMD interaction in a qualitative spirit without also measuring the binding constant of FP-TMD interaction. We used POPC/POPG ¼ 4:1 SUVs to directly compare our results to previous literature (15, 32) . In these experiments, small aliquots of FP were injected into a reaction cell containing SUVs, either composed of pure lipids or with 1% TMD reconstituted. The concentration of the lipid and TMD is much higher than the final concentration of the FP. Therefore, through the titration, the membranes and TMD can be approximately considered unsaturated, and each injection releases the same amount of heat, reflecting the enthalpy DH of the mixing. In the reaction of FP and TMD reconstituted SUVs, the reaction heat is the sum of heat of fusion peptide interaction with lipid, and the heat of FP-TMD interaction. The first part can be measured by injecting the peptide into pure lipid SUVs.
As shown in Table S41 and Fig. S1 , the DH of FP-lipid interaction is around À16.08 kCal/mol, and DH of FP-TMD-lipid is around À21.75 kCal/mol. Thus, the net enthalpy generated by FP-TMD (DH (FP-TMD)) is À5.67 kCal/mol. The relatively small value of the net enthalpy indicates that the FP-TMD interaction is weak. The net enthalpy for G1S-TMD is À1.45 kCal/mol, significantly lower than that of WT. G1V and DG1 have little enthalpy change, which is consistent with the fact that the mutants cannot interact with TMD. These results suggest that G1S and G1V have much lower affinities to TMD, which is consistent with the fact that they have very little synergetic effects with TMD. W14A-TMD, on the other hand, has À3.19 kCal/mol reaction enthalpy, which is smaller than that of WT but significantly larger than that of G1S, indicating there is substantial binding.
The interaction energy between WT FP and the two TMD mutants was also measured. The FP-K183E has a similar enthalpy change compared to the FP-WT TMD (À4.63 kCal/mol), whereas the L187A has a significant smaller enthalpy change (À1.93 kCal/mol). Thus, this mutation in the hydrophobic region hampers the interaction between FP-TMD. The results are again consistent with the ESR experiments.
The energy barriers for the formation of an opening pore was estimated around 11-13 k b T (33), which corresponds to 7 kCal/mol. The enthalpy generated by the FP-TMD interaction is smaller than this requirement. However, multiple FP-TMD interactions could possibly provide enough energy to overcome the barrier.
The FP inserts deeper into the TMD-reconstituted membrane
We used low-temperature ESR to determine the relative insertion depth of the FP in the LUV membranes (12) . When the temperature decreases to 90 K, the spectra of frozen samples of labeled FP reach the rigid limit. The 2A zz is directly measurable as the separation between the minimum of the high field and the maximum of the low field parts of the spectrum. With the exception of polarity, all factors that affect the value of outer splitting, 2A zz , are frozen in the rigid limit (24) . A larger 2A zz indicates a more hydrophilic environment and a smaller 2A zz indicates a more hydrophobic environment. The hydrophobic environment indicates a deeper region in the bilayer. Thus, we correlated the 2A zz values with the insertion depth. We rapidly froze the samples to minimize any structural change during freezing. This method has been successfully exploited to study the insertion depth of HIV FP in various lipid compositions (12) .
As shown in Fig. 5 , E-G, when WT F3R1 binds to a membrane the 2A zz is 71.0 G. The 2A zz value in membranes containing 0.5% TMD decreases to 68.3 G. However, the 2A zz values of G1S F3R1 in the TMD reconstituted membrane and the pure lipid membranes do not differ significantly and are similar to that of WT F3R1 in pure membrane (71.5 G and 71.3 G, respectively). The WT I18R1 value changes slightly in TMD reconstituted membrane but not as significantly as the F3R1 mutant (71.6 G in TMD membrane, and 72.5 G in pure membrane). Our results suggest that N-terminus of WT FP inserts deeper into the TMD reconstituted membrane than in the pure membrane, whereas the C-terminus inserts into a similar depth in both membranes.
We also performed power saturation ESR on F3R1 and I18R1 in POPC/POPG ¼ 4:1 LUVs with/without 0.5% TMD in the presence of Argon, O2, and Ni(II)ethylenediaminediacetic acid. As shown in Fig. 5 H, the F3R1 has a greater F value than I18R1 (2.7 vs. 0.8) in pure lipid membranes, indicating that F3R1 inserts deeper into the membranes than I18R1. The F values we obtained are similar to those previously reported (13) . In the membranes with TMD, F3R1 has an even greater F (3.5), whereas the F of I18R1 is basically unchanged (0.9), indicating F3R1 inserts deeper into the membrane with TMD than into the pure lipid membrane. The F values of G1S-F3R1 are 2.4 and 2.5 in membranes without and with TMD, respectively, suggesting that the insertion depth is basically unchanged. Equivalent measurements carried out in DMPC/DMPG/Chol LUVs show a similar trend. The results are consistent with our low-temperature ESR results.
DISCUSSION
The mechanism of membrane fusion is still only partially understood. Our previous work showed that the fusion peptide and TMD individually induce increased membrane ordering in a collective fashion, and we suggested that this ordering increase is associated with membrane dehydration (19) . We further suggested that this dehydration due to peptide insertion is an important step to remove repulsive forces between the opposite membranes and thereby facilitate the initialization of membrane fusion (3, 11, 12) . Our current study provides several further insights into this process. First of all, the combined FP-TMD interaction can induce membrane ordering to a greater extent than either alone and it extends deeper into the hydrophobic core of the membrane; it can also induce microdomains in the membrane. The nonfusogenic mutants do not have such effects. Second, the interacting site between the two is on the N-terminal arm of the FP and on the hydrophobic segment of the TMD. Third, the interaction lets the FP insert deeper into the membrane. Fourth, the hemifusion phenotype G1S induces membrane ordering, whereas the nonfusogenic G1V has no effect.
To summarize this and our previous studies on the jump in S 0 as a function of FP concentration: on HA2 FP/PC interactions at pH 5 there were seven such examples with DS 0 0.02 to 0.05 (11); on HIV gp41 FP/PC interactions there were 10 examples with DS 0~0 .05 to 0.11 (12) ; and when the concentration of TMD peptide from HA virus was varied, there were six examples with DS 0~0 .04 to 0.08 (3) . In this research, there are 24 examples with DS 0~0 .03 to 0.10. In all 47 examples these results were compared with the appropriate nonfusogenic mutant peptides that do not show this jump. (Note that each result noted here is the average over three or two independent experiments.) We regard this as overwhelming evidence for this collective phenomenon. Similar arguments apply to the DDS 0 studied in this work, although with somewhat greater uncertainty. Here, we consider the individual experiments, with results that range from 0.02 to 0.08, and we have 46 such results with a DDS 0 in this range.
However, the implications of our studies need to be addressed. Based on our current and previous results, we considered a model of fusion, adapted from the models proposed by Tamm (34), Lentz (35) and Grubmuller (36) . We emphasize the roles of the FP and TMD in the viral membrane fusion in light of our results, as discussed below (illustrated in Fig. 6 ).
Membrane bending moment induced by HA FP and highly ordered membrane domains induced by HA TMD are a prerequisite for initialization of membrane fusion: step 1
The ability for membrane ordering of the FP is correlated with the structure of the peptide as we have previously shown (11, 12) . In this work, we found that the linear G1V and the flexible-kink-boomerang W14A, which cannot induce hemifusion (14, 15, 29) , also cannot induce an ordering effect. On the other hand, the G1S, sharing an overall similar structure as WT and inducing hemifusion, shows the ability to induce membrane ordering. These results suggest that the ordering effect is strongly correlated with the initialization of membrane fusion (11, 19) . The reason for the inability of the HA nonfusogenic peptides to induce membrane order may be their shallower insertion into the membrane because of the lack of fixed kinked structure.
It was shown that multiple HA trimers are required for fusion and these trimers interact cooperatively such that the initial fusion rate is positively correlated to the density of the trimer (37) The result may suggest that the bending moment induced by the FP must be large enough for fusion to start, which requires the cooperation of the FP.
Previously, we showed that the major effect of the HA TMD on the model membrane structure is to induce highly ordered (3), thus presumably strongly dehydrated (19) , membrane domains in which the negatively charged lipids and the peptide of HA TMD are enriched. These domains form discrete hydrophobic islands on the membrane. Because HA TMD forms membrane spanning coiled-coils in both viral and model membranes (38) , it is likely that the orderings in both leaflets of the bilayer are increased. This implies that incorporation of the TMD condenses both leaflets of the bilayers, thus it is not likely to generate a significant bending moment such as induced by the FP.
In the biological scenario, the FPs insert into the host membrane and the TMDs remain in the viral membrane in a close position (34). The two membranes are then more ordered than the pure lipid membrane. The effect of FP on membrane ordering is different from that of the TMD in three respects: 1) the DS 0 is smaller; 2) the perturbation affects a shallower region, e.g., the ordering of 14PC is only affected by the TMD but not by the FP; and 3) only the outer leaflet is affected by the FP. An increase in ordering in the acyl chain region or in the headgroup region indicates that the lateral packing density in that region is increased, and/or that the local region becomes more condensed and more solid-like. Due to a coupling (39) between the different mechanical responses of two leaflets of the bilayer to the FP binding, a nonuniform distribution of stress across the bilayer, extensile in the outer leaflet and compressive in the inner leaflet, is created (11) . Thus, a negative bending moment in the bilayer would be generated, which tends to bend the bilayer toward the outer surface of the vesicle (39) . For a vesicle that is not closed, such as a vesicle with a fusion pore, the coupling no longer exists, but a negative bending moment in the bilayer would still be generated due to a larger cohesive (extensile) force in the more condensed outer leaflet relative to that in the fluid inner leaflet (3) .
Given these results, we suggest further details in the first step of viral membrane fusion (34, 35) (Fig. 6, step 1) in the model, which is the transition from the prefusion state to the hemifusion intermediate. We suggest that when an influenza virion attacks a host membrane in a low pH medium, due to hydrophobic interaction, a liquid-liquid capillary bridge (40) is formed around the HA trimers, which link the dehydrated host membrane and the highly ordered membrane domain of the virion. Two different water phases are separated by the capillary meniscus. The capillary bridge is made up of the ordered water, which has the same phase structure as that of the ordered water on the two membrane Biophysical Journal 109(12) 2523-2536 surfaces around the HA trimers, whereas the bulk water surrounding the capillary is nonordered. The orientations of the water molecules and hydrogen bonding structure in the two water phases are significantly different (41) . An attractive force is generated between the two membranes by an electric field inside the bridge as a result of polarization of water molecules, i.e., due to the preferential orientation of electric dipoles of water molecule along the axis of the bridge (42) . This capillary force is responsible for dragging a PC vesicle and an influenza particle close together as observed by Lee in an electron cryo-tomography study of viral fusion (27) . Thus, the removal of hydrorepulsion water and the attraction of a highly ordered water capillary pushes the membranes together and leads to the fusion of outer layers of opposite membranes, which is the hemifusion state. The mutant FPs that cannot dehydrate the membranes cannot induce The FP-TMD interaction may play a role in stalk-TMC transition: steps 2 and 3
Our experiments show the FP-TMD interaction in model membranes, and indicate the structural factors for this interaction, as well as the effect of this interaction on the structure of the model membranes. This interaction requires the glycine 1 in the N-terminus of the FP and L187 of the TMD, which may be the interaction site of this complex. Our results show that the FP-TMD complex increases the lipid order to a larger extent than does the TMD or FP alone. The ordering effect also reaches deeper into the membrane than for the TMD or FP alone, which is due to the deeper insertion of the FP helped by the FP-TMD interaction as shown in our low-temperature ESR and room temperature power saturation results.
The FP-TMD interaction could have two roles in the early steps of viral membrane fusion in the biological scenario. First of all, as Bentz and Mittal suggested, in the initialization step, the fusion peptide can locate in either the host membrane or the viral membrane after its exposure (43) . When inserted into the viral membrane, it allows for the FP-TMD interaction. Following the discussion in the previous sections, the larger ordering effect, interpreted as implying a greater degree of dehydration, will promote membrane fusion more efficiently. The FP-TMD interaction may not be a prerequisite, but it should facilitate membrane fusion in its first step. This could be a reason why G1S exhibits a lower lipid mixing rate in a cell-cell fusion experiment (29) , because it cannot interact with the TMD.
Second, the FP-TMD induced membrane ordering effect can play a role in the stalk-TMC transition (step 2). In the biological scenario, the FP-TMD interaction will also occur in the hemifusion stage, in which the outer leaflets of the opposing membranes merge together, initially form a stalk, and then the stalk expands to a TMC intermediate (44, 45) . There is no widely accepted model for the transition from the stalk to the TMC in viral membrane fusion, but the stalk may experience a transition from hemifusion-stalk to a dimpled stalk, and then to a TMC and then to an extended TMC (ETMC) or HD (35, 45, 46) (Figs. 6, steps 2A-2C  and 3) . It is still unclear how the FP/TMD/FP-TMD fit in the stalk structure. It is also difficult to separate the stalk intermediates for experimental studies. Therefore, the results from our model system cannot indicate directly whether FP-TMD has a role in this transition. However, we suggest that the FP-TMD-induced membrane ordering effect may play a role in pushing the stalk toward the ETMC. In the initial hemifusion stalk, the TMD most likely remains in the viral membrane because there is an energy barrier for it to overcome the void region of the stalk as it spans the bilayer. The FP, however, can migrate from the host membrane to the viral membrane via the stalk, because it only penetrates into the outer leaflet of the host membrane (Fig. 6, step 2A) . Once the FP interacts with the TMD, it can align the lipids around it. This alignment would drive the balance from the hemifusion stalk to the dimpled stalk via a zipper-like mechanism. It could further drive the dimpled stalk to the TMC and to the ETMC. More studies would be required to validate this.
The FP-TMD interaction is important for the pore opening: steps 4 and 5
Our results indicate that the high FP-TMD concentration is able to induce distinct microdomains in model membranes: the more ordered domain surrounding the FP-TMD and the less ordered domain in the remaining areas. In the biological scenario, the formation of FP-TMD and the aggregation of hemagglutinin during the membrane fusion (43) increases the concentration of FP-TMD in the pore-forming site. Because of the geometric constraint on the ectodomain remaining outside of the cells the FP-TMDs are distributed in the ring area around the HD. Thus, the more ordered domains are arranged around the ring and the less ordered domain are in the core area of HD, and the ordered domains also generate a tension to the core area by the tendency to recruit more lipids in the ordered ring. The membrane consists of less ordered domains indicating that the membrane is easier for water penetration, thus making a pore opening event more likely. In the models for membrane fusion that require a stable hemifusion intermediate, the formation of fusion pores has been suggested to be a flickering expansion process (47) . A large membrane tension in the HD facilitates the transition from hemifusion stage to full fusion when the HD tension is greater than the membrane tension required for membrane rupture (48) . It has been suggested that the membrane rupture may arise from some molecular scale defect and the fusion-mediated protein may produce such defects (49) . Our results showing the formation of ordered and disorder domains produced by FP-TMD could be just such a defect on the membrane (Fig. 6, step 4 ) that leads to fusion pore formation (Fig. 6, step 5) . In the molecular dynamics study, when an external force was applied, the pore formation in a single bilayer is associated with disordered lipids (50, 51) . The formation of the pore during viral entry possibly has a similar mechanism, i.e., the disordered domains are defects on the membrane. Our assumption that the disordered domains are away from the fusion proteins may seem somehow to disagree with the molecular dynamics study on SNARE-mediated fusion, which suggests that the leakage site is close to the rim of the HD (i.e., the protein-binding sites) (36) . However, because the FPTMDs only locate in the rim of the HD, the disordered domains are likely also near the rim of the HD.
The importance of FP-TMD for the finalization of membrane fusion is suggested by our study. Those mutations that Biophysical Journal 109(12) 2523-2536 cannot induce full fusion or pore opening (G1S and G1V FP and L187A TMD) have a lower FP-TMD interaction and a lower ability to perturb the membrane, as shown by ESR (and ITC). Interestingly, W14A, which cannot even induce lipid mixing, exhibits a certain degree of FP-TMD interaction, indicating that the ability to induce lipid mixing and the ability to interact with TMD depends on different structural factors.
CONCLUSIONS
Based on our results and discussion, we have suggested the roles of FP and TMD for the overall process of viral membrane fusion (Fig. 6 ). In the first step, the fusion peptide inserts into the host membrane, squeezes water molecules out of the headgroup region, and induces membrane ordering (as shown by our extensive results). The membrane ordering effect reduces the repulsion force between the membranes, and establishes a highly ordered water capillary bridge between the opposite membranes, and generates an attractive force by strong polarization of the water. These two effects drag the membranes to a proximate position and initiate the fusion of the outer layers (step 2A). The fusion of the outer layer makes the formation of FP-TMD possible. This interaction has a greater ordering effect than just the FP (as shown in our results) and will promote the alignment of lipid molecules and may promote the transition from a hemifusion stalk (step 2A) to the dimpled stalk (step 2B), and to the TMC (step 2C) and expand the TMC (step 3). When the FP-TMD aggregates in the fusion site, the highly concentrated FP-TMD then induces microdomains (as shown in our results), the more ordered domains are associated with the FP-TMD around the fusion site (step 4). The less ordered domains around the more ordered domain are perhaps also located around the edge of the TMC, which may facilitate the formation of fusion pores in the edge of the TMC (step 5). The expansion of the fusion pores then finalizes the membrane fusion (step 6).
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